Probing Colossal Carbon Rings
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Abstract

Carbon aggregates containing between 10 and 30 atoms preferentially arrange them-
selves as planar rings. To learn more about this exotic allotrope of carbon, electronic
spectra are measured for even cyclo[n]carbon radical cations (C14" — C36™) using two-
color photodissociation action spectroscopy. To eliminate spectral contributions from
other isomers, the target cyclo[n|carbon radical cations are isomer-selected using a
drift tube ion mobility spectrometer prior to spectroscopic interrogation. The elec-
tronic spectra exhibit sharp transitions spanning the visible and near infrared spectral
regions with the main absorption band shifting progressively to longer wavelength by
~100nm for every additional two carbon atoms. This behaviour is rationalised with a
Hiickel theory model describing the energies of the in-plane and out-of-plane 7 orbitals.
Photoexcitation of smaller carbon rings leads preferentially to neutral C3 and Cs loss,

whereas rings larger than Cos™ tend to also decompose into two smaller rings, which,



when possible, have aromatic stability. Generally, the observed charged photofrag-
ments correspond to low energy fragment pairs, as predicted by density functional
theory calculations (CAM-B3LYP-D3(BJ)/cc-pVDZ). Using action spectroscopy it is

confirmed that C14* and C1g™ photofragments from Cog™ rings have cyclic structures.

Introduction

Widespread acceptance that assemblies of carbon atoms adopt structures besides the famil-
iar graphite and diamond allotropes followed the discovery of the Cgy fullerene cluster and
progressed with the synthesis of other fullerenes, carbon nanotubes and graphene.' Even
before the discovery of fullerenes, it was proposed that the smaller carbon clusters exist
predominately as linear chains, with rings (also known as cyclo[n]carbons) becoming the
dominant isomer at na~10 when the stabilization accompanying formation of an additional
C-C bond outweighs the energetic penalty associated with bending the chain.*® Charged
carbon rings were probably first observed, without being recognised as such, by Hahn and
coworkers in 1942 in mass spectra of ions produced in discharges between carbon electrodes,®
and were later deduced to exist through gas-phase reactivity studies.® Subsequent ion mobil-
ity studies of C,,"and C,,” clusters formed by laser ablation of graphite provided compelling
evidence for the existence of rings over the n=10-80 range, with rings being progressively
supplanted as the dominant isomer by bi-rings (from Cgy™) and fullerenes (from Czp™).%13
Examples of the co-existing ring, bi-ring and fullerene isomers are shown in Figure1(a).
The general chemical significance of cyclo[n|carbons is emphasized by the fact that they are
formed through diverse routes, including by laser ablation of graphite, the decomposition
of chlorinated polycyclic aromatic hydrocarbons (PAHs),!* and the photoinduced dehydro-

18,19

genation of PAHs.'® 17 Recently, in the culmination of longstanding efforts, neutral Cig

cyclo[n]carbons were synthesized on a surface and imaged individually using STM/AFM,
demonstrating that the ring has polyynic rather than cumulenic bonding. **

Although there have been many theoretical investigations of cyclo[n|carbons,? 20723 fo-



cusing mainly on their structures and stabilities, experimental data against which the calcu-
lations can be compared and calibrated are rare. In this study we explore the photophysical
and photochemical properties of charged, even cyclo[n]carbon cations up to Css™ in the
gas phase, measuring electronic spectra, and investigating their decomposition following ab-
sorption of ultraviolet light. Earlier studies in which electronic spectra were measured for
mass-selected rings up to Cos™ tagged with Ny molecules,?* and with He atoms,?® showed
that even cyclo[n]carbon cations possess relatively sharp absorption bands over the visi-
ble (Vis) and near infrared (NIR) ranges, with a progressive linear shift of the strongest
absorptions to longer wavelength by ~100nm for each additional two C atoms. Our prelim-
inary investigations of the odd Cs,,; " rings indicate that the wavelengths of their electronic
absorption bands do not fit with the trends established for the even Cs, ™ rings.

Here, we extend the earlier spectroscopic studies in several ways. First, we obtain elec-
tronic spectra of bare Cy," carbon rings (Ciy™ — Cs6T) without attached tag atoms or
molecules. Electronic spectra of the bare carbon rings along with previously reported Cy,*-
He,, and C2n+—(N2)m spectra allow us to assess the shifts caused by attached He atoms and
Ny molecules, which are not known a priori. Wavelengths for the absorption peaks of the
bare carbon clusters can be compared directly with astronomical data to decide whether
cyclo[n]carbon cations exist in circumstellar and interstellar regions and whether their ab-
sorptions correspond to any diffuse interstellar bands (DIBs). Furthermore, spectra for larger
carbon ring cations, Csp", C32™, C34 T and Csg™", which have not been reported previously,
allow us to investigate whether spectral patterns apparent for the smaller rings (up to Cog™)
persist for larger clusters. Probing the larger clusters (Cos™ and above) presents challenges
due to the coexistence of ring, bi-ring and fullerene isomers.?*22* To address this issue,
the carbon clusters are selected according to both their mass and their isomeric structure
(using ion mobility) prior to spectroscopic interrogation, eliminating ambiguity in the size
and structure of the species being probed.

Ideally, electronic spectra of the carbon ring cations would be understood with the aid



of electronic structure calculations. However, there is considerable debate over appropriate
methods for describing even the ground electronic state properties of carbon rings,2%23 so
that reliably predicting wavelengths and intensities for electronic transitions of even smaller
rings will be challenging, while reliable predictions for the larger rings are certainly currently
not feasible. As a first step to understanding the electronic absorptions of carbon rings, we
develop a simple model based on Hiickel theory, describing the valence electrons occupying
in-plane and out-of-plane 7 orbitals (Figure 1(b)). The model is consistent with the linear
relationship between absorption wavelength and cluster size that was found to apply for even

cyclo[n]carbon cations up to Cog™t.242
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Figure 1: (a) Structures of Csst isomers — ring, 18:18 and 22:14 bi-rings, and fullerene.
(b) Lowest energy out-of-plane and in-plane 7 molecular orbitals for Cyy. (¢) Experimental
strategy for spectroscopically probing mobility-selected carbon rings. Charged carbon clus-
ters generated by pulsed laser ablation of a graphite disk are separated according to their
collision cross sections with He buffer gas before passing through a quadrupole mass filter
(QMF). An arrival time distribution (ATD), which shows peaks due to different isomers,
can be measured by monitoring the ion signal at detector 1. For spectroscopy experiments,
the target cyclo[n|carbon isomer population is selected by an electrostatic gate at the end
of the drift tube, opened at an appropriate delay with respect to the ablation laser pulse,
followed by mass selection with a quadrupole mass filter (QMF). The cyclo[n]carbon cations
are introduced into a cryogenically cooled ion trap where they are spectroscopically probed
using 2-colour resonance enhanced photodissociation (see Figure2). An electronic spectrum
is recorded by monitoring the photofragment intensity at detector2 as a function of the
wavelength of the Vis/NIR beam. A comprehensive description of the apparatus is given in
refs. 24 and 26.



To learn more about the Ci4 7 Cs¢™ rings and to complement the spectroscopic studies,
we have also investigated their photofragmentation behaviour. There have been several pre-
vious photodissociation studies of carbon clusters cations in the n=14-20 range (presumably
rings), demonstrating that they mainly lose neutral Cs or Cs photofragments.?” 3! Photodis-
sociation studies for larger rings in the Cyy™ — Cs6™ range are potentially complicated by the
presence of coexisting isomers — rings and bi-rings for Cao™ — C3p™, and rings, bi-rings and
fullerenes for Csy™ — Cs6™. For example, Smalley and co-workers found that the photofrag-
ment distribution for Css™ depended on light intensity and on ion source conditions, which
was taken as evidence for coexisting fullerene isomers (losing Cy units) and non-fullerene
isomers (giving C,,™ photofragments in the n=14-22 range).?’ Later, Misaizu and coworkers
addressed the isomeric ambiguity in photodissociation studies of Csy*, C34™ and Css™, sepa-
rating fullerene and non-fullerene isomers in an ion mobility drift cell before irradiating them
with 266 nm light.3? For each cluster size, the two isomer families produced distinct photo-
product ion distributions. However, in the ref. 29 and ref. 32 experiments, the non-fullerene
population potentially contained ring and bi-ring isomers. To eliminate this ambiguity, we
have adopted an isomer selective approach to probe Ci47— Cg¢™ rings. The resolution of our
ion mobility stage is sufficient to cleanly separate the target rings from bi-rings and from
fullerenes prior to photodissociation. To help interpret the observed photofragment distri-
butions, relative energies of fragment pairs are calculated using density functional theory
(DFT), allowing us to explore whether the preferred charged photofragments correspond to
the lower energy fragment channels.

Despite the many measurements for photofragment distributions from charged carbon
clusters, there have been no direct determinations of the fragments’ structures (linear, ring,
bi-ring or fullerene). In principle, the photofragment structures could be probed using a
tandem ion mobility arrangement, with photoexcitation of the C,,* clusters after the first ion
mobility stage, and separation of photofragment isomers in the second ion mobility stage.®?

Here we use an alternative spectroscopically-based strategy to investigate the structures of



the main C4 and C;3™ photofragments generated from Cyg™. The nascent photofragments
are trapped, tagged with Ny molecules, and irradiated with tunable radiation to record their

characteristic electronic spectra.

Methods

Obtaining electronic or infrared spectra of larger cyclo[n]carbon cations entails dealing with
complications associated with the presence of different isomers (rings, bi-rings and fullerenes),
whose spectra may be entangled. To address this issue, we have developed an isomer-selective

242631 The experimental arrangement is shown

approach for measuring electronic spectra.
schematically in Figure 1(c) and is described in more detail in refs. 24 and 26.

Carbon cluster cations were generated by laser ablation of a rotating graphite disk using
the focused, frequency-doubled output of a pulsed Nd:YAG laser (A=532 nm, 12mJ/pulse,
100 Hz repetition rate). The ablation source is situated at the beginning of a drift tube
ion mobility spectrometer which was used to separate the charged carbon clusters according
to their drift time through He buffer gas (P~3 Torr). The target cyclo[n]carbon cations
could be selected at the end of the drift tube using a pulsed electrostatic ion gate opened
at an appropriately timed delay and duration. Following the ion gate, the charged clusters
were collected by an RF ion funnel and passed through a 1 mm orifice into an RF hexapole
ion guide (pressure typically 5x107° Torr), which was used to accumulate ions from 50
ablation laser pulses over 0.5s. After emerging from the hexapole, the ions travelled through
a quadrupole mass filter where they were mass selected and then passed through an octupole
ion guide and into a cryogenically cooled quadrupole ion trap (QIT). Pulses of either He gas
or He/Ny 100:1 gas mixture were injected at 2Hz, with the gas pulse initiated 10-20ms
before arrival of the ion packet. The temperature of the trap (7" ~10 K) was measured using

a Lakeshore DT-670 silicon diode. The actual temperature of the ions in the QIT is likely

to be slightly higher than the trap temperature due to RF heating.



Electronic spectra of the Cy, " (n=7-18) clusters were obtained by 2-colour resonance en-
hanced photodissociation or through 1-colour resonance enhanced photodissociation of Cs,, -
(N2),, complexes. Alternate packets of ions in the QIT were exposed to pulses of unfocused,
wavelength-tunable light from an optical parametric oscillator (OPO, EKSPLA NT342B,
<1mJ/cm?/pulse, 6ns pulse width, bandwidtha4 cm™'). Each tunable wavelength pulse
was followed 10ns later by a pulse of fixed wavelength UV light (OPO, EKSPLA NT342B,
<1mJ/cm?/pulse, 6 ns pulse width, bandwidtha~8 cm™!), which served to dissociate the ex-
cited clusters. For clusters up to Cys™", charged fragments corresponding to Cs or Cs loss
were monitored, whereas for Cog™ and larger clusters, Ci4™ or Ci3™ photofragments were
monitored. The wavelength and power of the UV beam were adjusted to maximize the reso-
nance enhanced photodissociation signal from the first tunable light pulse while minimizing
background photofragmentation. We attempted to avoid saturating the transitions by ad-
justing the intensity of the first laser pulse so that <5% of the ions were dissociated. After
480 ms the ions were ejected from the QIT into a linear time-of-flight (ToF) mass spectrom-
eter (length 0.9m). Electronic spectra were obtained by plotting the charged photofragment
signal as a function of wavelength with intensities normalised by OPO power. Wavelength
calibration was accomplished with a wavemeter (High Finesse, LSA).

Geometries of Cy,™ clusters were optimised using density functional theory, employing
the range separated CAM-B3LYP functional® with the cc-pVDZ basis set3¢ and empirical
dispersion (D3BJ)37 using Gaussian16.3® As shown in Section S1 of the SI, the dissociation
energies and ionization energies of the carbon clusters calculated using the CAM-B3LYP-
D3(BJ)/cc-pVDZ approach compare reasonably well with available experimental data.3% !
For the Ci; 7~ Cys™ clusters our calculations reproduce the observed variation of dissociation
energies with cluster size reported in ref. 39, although the calculated dissociation energies
are larger than the experimental dissociation energies by between 5% and 23%. For C;; -
Ci5" clusters our calculations underestimate the experimental ionization energies reported

in ref. 40 by between 4% and 17%. The CAM-B3LYP-D3(BJ)/cc-pVDZ method yields



similar dissociation and ionization energies to previous calculations, which employed the
B3LYP/def2-TZVPP method,3! and the high level CCSD(T)/cc-pVQZ method. *° High level
methods such as CCSD(T) are too expensive for the larger carbon clusters targeted in this
study. The CAM-B3LYP-D3(BJ)/cc-pVDZ method provides a good compromise between

cost and accuracy, and is employed for all investigated carbon species (from C to Csg).

Results and Discussion

Electronic spectra of even cyclo[n]carbon cations

The rich and potentially confusing mixture of carbon cluster isomers generated by laser ab-
lation of graphite is illustrated in Figure 2(a), which shows arrival time distributions (ATDs)
for even C147— Cs6™ clusters driven by an electric field through a drift region containing he-
lium buffer gas (signal recorded at detector 1 in Figure 1(c)). The more prominent peaks in
the ATDs are due to rings, bi-rings, and fullerenes (single and multiply charged), as observed
in previously reported ATDs of carbon cluster cations.®'%'2 We find that clusters between
C1o" and Cog™ are predominately monocyclic rings and that monocyclic rings persist at least
up to Cyo" (see Figure2(a)). Bi-ring clusters become increasingly apparent from their onset
at Cyo ™ and are more abundant than rings above Csy™ (depending on ion source conditions).
Bi-rings are predicted to consist of two rings linked by a four-membered ring, as shown
in Figure1(a).*> The ATD peaks for bi-rings are broader and more asymmetric than the
ring peaks, presumably because carbon atoms can be distributed in different ways between
the two rings, giving several bi-ring isomers with different collision cross sections (see Fig-
ure 1(a)).*? Fullerenes first become apparent for Cog™ (very low abundance) and constitute
the main isomer for Css™ and larger clusters.

It is evident from Figure2(a) that for carbon cluster cations larger than Cog™, there

are two or more isomers with comparable abundances (ring, bi-ring, and single and mul-

tiply charged fullerenes), and that to avoid isomeric ambiguity it is essential to select the
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Figure 2: (a) ATDs for carbon cluster cations generated by 532 nm laser ablation of a graphite
disk monitoring the ion signal at detector 1 (see Figure 1(c)). Peaks due to rings, bi-rings and
fullerenes are highlighted in blue, red and green, respectively. Unlabelled peaks at shorter
arrival time are due to larger fullerenes bearing multiple charges. (b) 2-colour resonance
enhanced photodissociation scheme for obtaining electronic spectra. (c) Electronic spectra
of C147—Cs6™ rings. The target cyclo[n]carbon clusters (blue peaks in (a)) were mobility-
selected following the drift region of the apparatus using the pulsed electrostatic ion gate (see
Figure 1(c)) before being probed using the scheme shown in (b). (d) Frost-Musulin diagram
showing Hiickel energies for in-plane 7 orbitals of Cq47.

target isomer population prior to spectroscopic interrogation. This is accomplished using
an electrostatic ion gate at the end of the drift region that is opened at appropriate delay
and duration to pass ions with a narrow range of collision cross sections (see Figure 1(c)).
These ions subsequently pass through a quadrupole mass filter tuned to the mass of the
desired target ion and then into a cryogenically cooled quadrupole ion trap where they are
spectroscopically probed using the 2-color resonance enhanced photodissociation (REPD)
scheme shown in Figure2(b). For more details see ref. 26, which describes separation and

spectroscopic interrogation of ring and bi-ring isomers of Cog™.



Electronic spectra of isomer-selected even C14— Cs¢™ radical cation rings (blue peaks in
Figure2(a)) are shown in Figure2(c). Each spectrum shown in Figure2(c) is the average of
4 or more individual scans. In each case the observed band presumably corresponds to the
lowest energy transition with appreciable intensity that proceeds from the doublet ground
state to a doublet excited state. As explained below, in a Hiickel picture the transition
would correspond to promotion of an electron from the HOMO-1 to the HOMO for the
in-plane 7 system (Figure2(d)). Wavelengths for the main transitions for the Cy,* clusters
are listed in Tablel. The Cis™ Cas™ spectra exhibit similar vibronic structure to the
structure observed in previously reported spectra for Cy, -(N3),, and Cy, *-He,, clusters.?4%
Electronic spectra of Czp™, C32™, C34™ and Cs¢™ clusters (tagged or untagged) have not been
reported previously. Comparison of the absorption wavelengths for the Cy, %, Cy,"-(N2),,
and Csy, T-He,, clusters, show that the spectral shifts caused by He and N, tags are relatively

small and for the larger clusters (above Cyo") are less than the band widths. Shifts in the

transitions of C147, the cluster with the sharpest bands, are discussed in more detail below.

A characteristic feature of the cation carbon rings is the regular wavelength shift of
the main electronic transition by around 100nm for each additional two carbon atoms.?*
This trend is illustrated in Figure 3(a), where wavelengths of the transitions are plotted as
a function of cluster size. Another obvious aspect of the spectra shown in Figure2(b) is
the alternation of band widths with size — the aromatic Cyp4o" clusters (Ciu™, Ciz™ ete.)
have narrow bands, whereas bands of the anti-aromatic Cy,™ clusters (C16+, Coo' etc.) are
broader. This alternation is apparent in Figure 3(b) where the widths of the origin transitions
are plotted as a function of cluster size. Although the bandwidth alternation is quite evident
for Ci4™ to Cso™, the situation is not so clear for Cst, Css™ and Cse™. In particular,
the Cs4 ™ peak should be narrow based on the trend for the smaller clusters, but is instead

very broad. However, it is worth noting that the Cg,™ transition was difficult to obtain,

and the transition may be somewhat saturated. The band-width alternation, which is also
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Table 1: Measured origin transition wavelengths (nm in air) for bare C,,* rings, for previously
measured C,,"-Ny clusters from ref. 24, for C,,"-He clusters from ref. 25, and estimated for
bare C,, "clusters from ref. 25.

cluster c,m® C,,"-Ny® C, "-He® [
extrapolated

Cszs™ 1783410
Cyt 1747410
Cs™ 1568.6 £3.0

1545.6+ 3.0
Cso™ 14776 £3.0
Cost  1321.6£3.0 1320.6 £3.5 1323.4+£0.7 1324.3+1
Coet  1171.8£3.0 1173.1£0.7
Cout 1100.1£2.0 1099.3+2.4 1100.5+£0.5 1101.24+0.9
Cept™  1002.5+1.0 1001.6 0.5 1002.0£0.5 1002.54+0.6
Coo™  897.5+1.0 898.6+1.6 896.8+0.5 897.2+0.6
Cis™  799.04+1.0 797.5+£0.3¢ 799.1+0.5 799.5+0.6
Cig™ 709.241.0 709.5+1.0 708.6+0.5 708.8+0.5
Cuyt 612.74+0.1 611.940.2 612.44+0.1 612.6 0.2

@ this work. ® ref. 24 ¢ ref. 25. ¢ wavelength for Cog™-(Ny), transition

apparent in spectra of Cy, "-(N3),, and Cy, " -He,, clusters,?/? has been hypothesized as due
to variations in the rate of non-radiative decay for the clusters®! — the lowest quartet state,
which may be involved in non-radiative deactivation, lies just above the doublet ground state
for the anti-aromatic clusters, and somewhat higher in energy for the aromatic clusters.*?
With increasing cluster size, the excited doublet state drops in energy, necessarily reducing
the gap with the lower lying quartet state. This may affect the coupling between excited
doublet state and the quartet vibronic states for the larger clusters and may mean that
isolated resonances play a greater role. For Cs,™ there are actually two bands in the origin

region spaced by 95 cm ™!

, with the higher energy band being ~3 times stronger than the lower
energy band. The cause of the band doubling is uncertain but may be associated with an
interaction between the excited doublet state and another vibronic state (possibly a quartet

state). It is also worth pointing out that the transition energies of Csyt, C3,™ and Cag™

are only 0.80, 0.71 and 0.70 eV, respectively, and lie in the energetic vicinity of vibrational

11
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Figure 3: (a) Wavelengths for origin transitions of even cyclo[n|carbon radical cations as a
function of n. The linear fit is for C14* to Cos™ data. Absorptions of the larger clusters,
Cso™ to Csg™, occur to longer wavelength than expected from the linear trend established
for the smaller clusters. (b) Widths of origin transitions as a function of cluster size. The
plotted widths are based on Gaussian fits to the origin bands with error bars corresponding
to twice the standard deviation of fit. There are two peaks in the origin transition region for
C32" (see Table1). The width of the broader peak (6448 cm™!) is reported in (b) while the
narrower band has a width of 2646 cm™1.

levels involving 3 or 4 quanta of highest frequency C-C stretch modes, so resonances with

vibrational levels associated with the ground electronic state may also be important.

Hiickel model for transition wavelengths of C,,™" rings

The linear shift of the transitions of the Cy, ™ rings with cluster size can be rationalised

using a simple Hiickel theory model. The cyclo[n|carbons possess an out-of-plane 7 orbital

12



system that is antisymmetric with respect to reflection in the molecular plane, and an orthog-
onal in-plane 7 orbital system that is symmetric with respect to reflection in the molecular
plane (see Figure 1(b)). These two 7 systems are identical in the limit of an infinitely large
ring. However, for finite rings the overlap of the contributing in-plane atomic p orbitals is
reduced due to ring curvature, so that each in-plane orbital lies slightly higher in energy
than its counterpart out-of-plane orbital.** Therefore, in a Hiickel framework, the HOMO
for the cyclo[n|carbons will be a singly occupied in-plane 7 orbital (see Figure2(d)).451% The
lowest energy transition not involving promotion from an in-plane to an out-of-plane orbital
(or wice versa) should correspond to promotion of an electron from the in-plane HOMO-1
orbital to the in-plane HOMO orbital.

Energies, e;, for the Hiickel MOs for a ring of N carbon atoms are given by:*40

e; = o+ 2fcos(2jm/N) (1)

with j=0, £1, £2, .. , £(§ —1), & for N even, and j=0, £1, £2, .. , £¥=1 for N odd.
Here, a is the Coulomb integral and [ is the resonance integral. Orbital energies for the
cyclo[n|carbons can be represented by Frost-Musulin diagrams as shown in Figure2(d) for
C147.% The circumscribing circle has a diameter of —43 and the length of the arc between
adjacent points is —47[3/N.% It can be seen geometrically from Figure2(d) that, as N
increases, the energy difference (AE) between the fully occupied HOMO-1 (e(y_2)/4) and

partially occupied HOMO orbital (e(y_2)/4-1) is given approximately by:

AFE = €(N-2)/4 — E(N-2)/4—1 = —4nB/N (2)

Equation 2 is also derived algebraically from Equation 1 for aromatic and anti-aromatic rings

in the Supplementary Information. The wavelength of the lowest energy transition from the

13



HOMO-1 to the HOMO is then:

An = he/AE = —heN/4An 3 (3)

showing that the transition wavelengths should shift linearly with N. The difference between

the transition wavelengths for the N and N + 2 rings is:

AN = —he/27f3 (4)

Experimentally, A\ is ~100 nm, corresponding to f= —2eV.

For rings up to Cog™, the crude Hiickel model successfully predicts the observed linear
trend for the origin wavelengths as a function of cluster size. However, the absorptions of the
larger clusters, C30" to Cs ™, occur to longer wavelength than expected from the linear trend
established for the smaller clusters (Ci4™ to C28+). For example, the Cst, Cs4 and Cag™
bands lie 74, 154 and 92nm to longer wavelength, respectively, compared to their expected
positions based on the linear fit for the smaller clusters’ wavelengths (see Figure3). The
origin of the departures from linearity is unclear, but may be associated with a progressive
transition to polyynic structures with increasing cluster size.??%234” Hot bands are another
possible cause for shifting and broadening of the peaks with cluster size. As the rings become
larger they should become increasingly floppy, so that even at cryogenic temperatures (7" ~
10 K), low frequency ring deformation vibrational modes should be populated. Distortions
from planar, circular structures may affect the electronic energies, such that the hot bands
are displaced from the fundamental transitions. The lowest frequency ring deformation
modes progressively diminish in frequency with increasing ring size so that hot bands should
become more important for larger clusters. For example, DF'T CAM-B3LYP-D3(BJ)/cc-
pVDZ calculations predict that the four lowest frequency vibrational modes of Cay' have
frequencies of 6, 40, 52, and 52 cm ™!, whereas the four lowest frequency modes of Css* have

frequencies of 5, 15, 20, and 20cm™!. Given that the QIT temperature is 10 K, one would

14



expect that only ring distortion vibrational modes with frequencies below ~20cm™! will
be significantly populated (assuming a Boltzmann distribution). In principle, it should be
possible in future experiments to explore the spectral consequences of exciting low frequency
ring modes by recording electronic spectra of the clusters with the QIT held at different

temperatures.
Spectrum of C;4 - astrophysical implications and effect of tag atoms

and molecules

C14+-Ne

T T N P N B
10 611 612 613 614 615
A/nm

Ly oy
609 6

Figure 4: Electronic spectra of Cy4", C14"-Ne, C147-Ny and C147-(Ny)s. Spectra of CiyF-No,
Ciat-(Ny)y and Cy4-Ne were recorded by monitoring the photodepletion of the respective
complex using 1-colour REPD. The spectrum of bare C14* was obtained by 2-colour REPD
monitoring C;; " photofragments. The wavelength and width for the weak 612.820 nm DIB
reported in ref. 48 are indicated above the Cy4" plot.

The cyclo[n]carbon cations are possible constituents of interstellar and circumstellar re-

gions and may be detectable through their electronic transitions. Due to its relatively narrow
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transitions the C14 ™ ring is perhaps the best candidate for detection. As noted previously, 242>

the relatively sharp Cy4* absorption lies close to a weak diffuse interstellar band (DIB) at
612.820nm with a width of 0.218 nm.*® The current measurements confirm that the maxi-
mum of the origin band for bare Cy4" is displaced by only 0.1 nm from the weak DIB (see
Figure4). The rotational temperature of the trapped Cy4" ions (10 K) is likely lower than for
molecules in the interstellar medium (50-80K), so that comparisons between astronomical
and laboratory data requires spectra of bare C14 " clusters for elevated ion trap temperatures
to track the evolution of the band maximum and band contour with temperature.?® If Ci,*
is indeed a DIB carrier, weaker peaks lying to shorter wavelengths at 604.2nm (=~ x0.5 the
intensity of the 612.7nm band) and at 602.9 nm (~ x0.2 the intensity of the 612.7 nm band),
should also correspond to weak DIBs. Currently there are no appropriate matches for these
peaks in published spectra of HD183143 or HD204827,%%49 although the signal-to-noise ratio
of astronomical spectra in the appropriate wavelength range may need to be improved for
their detection.

Previous spectra of the cyclo[n|carbon cations were recorded by forming and photodissoci-
ating weakly-bound complexes of the target cyclo[n|carbon cation tagged with He atoms? or
N, molecules.?* The band displacements caused by the tag atoms and molecules are clearly
apparent in the spectra for Ci4*, CyyT-Ne, Cyyt-Ny and Ci47-(Ny)y shown in Figure4.
The band maximum for the bare Cy;" ring lies at 612.740.1nm, close to the wavelength
(612.6 nm) deduced by Campbell et al. from Cy,"-He and Cy4*-He, spectra, assuming that
the spectral shifts caused by the first and second He atoms are additive.?® Addition of He
or Ne atoms shifts the C4 T origin transition to higher energy by ~8 and ~11cm™!, respec-
tively. The shifts caused by Ny molecules are larger (+21cm™!/N, molecule) and additive,
consistent with structures in which the first two Ny molecules occupy equivalent sites above
and below the Ci4* ring.?* The conclusion is that spectral shifts caused by He, Ne and Ny
tags are relatively small, but are significant when transition wavelengths are to be compared

with astronomical data.
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Photodestruction of colossal carbon rings

We turn now to consider the photodestruction of cyclo[n|carbon radical cations. From pre-
vious investigations, it is known that charged fullerene carbon clusters decompose mainly
through loss of Cy molecules,? whereas smaller clusters with n < 20 tend to lose C3 or Cs

molecules. 27:28:30,31

In the intermediate size range 20 < n < 40 the photofragment distribu-
tions have been found to be sensitive to ion source conditions and laser power, suggesting that
the cluster population contained different isomers, each with distinct absorption cross sec-
tion and photodissociation behaviour.?’ Here we focus on even carbon rings (CMJr to 036+),
and remove any structural ambiguity by selecting and probing only the ring isomer for each
cluster size. Isomer selection is particularly important for the larger clusters. For example,
for Cso™ the ring and bi-ring isomers have relative populations of 1:1, while for Css™ the ring,
bi-ring and fullerene isomers have relative populations of 1:3:3. We attempted to control the
energy delivered to the clusters by using a two-photon resonance-enhanced excitation scheme
(Figure 5a), whereby a relatively low power pulse of visible/NIR light (<1mJ/cm?/pulse)
tuned to the origin transition of the ring under examination was followed 10ns later by a
pulse of 230nm UV light (<1mJ/cm?/pulse). Intensities of the two beams were adjusted
to limit the photodissociated fraction to <10% to reduce the effects of consecutive photon
absorption. Assuming the clusters absorb one visible/NIR photon and one 230 nm pho-
ton, the total energy delivered to the clusters is 6.1-7.4eV (the lower limit corresponds to
Csst and the upper limit to C147). This energy should suffice to break the clusters into
two fragments, but be insufficient to cause sequential fragmentation.?® Photofragmentation
mass spectra obtained under these conditions are shown in Figure5b. The smaller clus-
ters, up to Cay ', tend to lose either a Cs or Cs unit, as observed in previous studies.2730:31
Rings larger than Cos™ also lose C3 or Cs units, but additionally produce Ci4+, Ci57, and
Cas " photofragments. These preferred larger cluster fragments would, if they were cyclic,

have aromatic stability. To help understand the photofragment distributions apparent in

Figure 5b, we calculated relative energies for different photofragment combinations. These
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energies are plotted in Figure 5c where it can be seen that the lower energy fragmentation
channels correspond to the preferred photofragments apparent in Figure5b. On energetic
grounds, rings in the Cog™— Cg¢™ size range can be expected to break up into two smaller
rings, one neutral and one charged, consistent with the photofragment mass spectra shown
in Figure 5b. Similar fragmentation patterns are found for cyclo[n]carbon cations subjected
to collisional activation.10:11:50

To investigate whether the larger charged photofragments are indeed cyclo[n|carbons, we
irradiated selected Cag™ rings in the QIT with a pulse of 235 nm light early in the trapping
cycle to form photofragments that were subsequently tagged with Ny molecules (the trap gas
for these experiments was a 1% Ny /He mixture) and recorded their electronic spectra with
1-colour REPD. As an example, REPD spectra of No-tagged Ci4™ and Ci3™ clusters formed
by photodissociating Cog™ ions in the QIT, are shown in Figure6(a). The Ci4* and Cig*
photofragment spectra are identical to the spectra of Ci4,™ and Cis* produced directly by
the laser ablation ion source,?* proving that large Cs, ™ rings predominately photodissociate
to give smaller rings. Although, we have no information on the neutral co-fragments, they
are almost certainly rings as the linear isomers lie much higher in energy.

We hypothesise that rupture of a large ring to generate two smaller rings follows a process
whereby electronic excitation is followed by internal conversion to give a vibrationally ener-
gized cluster which distorts and twists to form a bicyclic cluster that subsequently breaks
into two smaller rings. Key steps along this pathway, calculated at the DF'T CAM-B3LYP-
D3(BJ)/cc-pVDZ level, are shown in Figure6 for Cos™ disintegrating to Cyy+ + Cyy ring
fragments. In this case, the C;4™ + Cyiy and Ci3™ + Cyo fragment channels have simi-
lar energies, consistent with the observation of strong Ci4,+ and Cis" signals in the Cog™
photofragment mass spectrum (Figure 5b).

Equipped with the distinctive electronic spectra for Cy, ™ rings, we are in a position to
assess the structures of the carbon cluster photofragments from other molecular systems,

including charged PAHs, which upon exposure to light in ion traps, undergo progressive
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Figure 5: (a) Example of the two most significant photodissociation pathways for car-
bon rings in the Ci4t to Css™ range: loss of neutral Cs or Cs molecules, and frag-
mentation to two rings, one neutral and one charged. (b) Photofragment mass spectra
for isomer-selected C14™ to Css™ cyclo[n]carbons. The clusters were energised through
resonance-enhanced two-photon excitation, with the first photon tuned to the cluster’s main
Vis/NIR transition (<1 mJ/cm?/pulse) and wavelength of the second photon fixed at 230 nm
(<1mJ/cm?/pulse). The numbers above the peaks indicate the number of carbon atoms in
the photofragment cations. Loss of C3 and C; neutrals for smaller clusters is augmented by
loss of Cyg, C14 and Cyg for larger clusters. Photofragment ToF mass spectra for the larger
clusters were recorded in sections so that relative peak intensities are indicative rather than
quantitative. (c) Relative energies for pairs of fragments from Cy, " (n=9-18) cyclic clusters
calculated at the CAM-B3LYP-D3(BJ)/cc-pVDZ level. Fragments smaller than Cyo* are
linear, whereas larger fragments are cyclic. Energies for fragment pairs involving fullerenes,
which may be important for Cso™, Cs4" and Cs6", are not shown in the plot. The more

stable product pairs are indicated by dotted vertical lines. Fragment energies are given in
Table S1 in the SI.
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Figure 6: (a) Electronic spectra of Ci4-Ny and Cig37-Ny clusters that were generated by
photodissociating Cog™ in the cryogenic ion trap to form Ci4,* and Cig* ions that were
subsequently tagged with Ny molecules. The spectrum on the left was obtained by monitoring
photodepletion of C147-Ny, and the spectrum on the right by monitoring formation Cys™ from
Ci1sT-Ny. Vertical lines indicate transition wavelengths for C147-Ny and C;57-N, reported in
ref. 24. (b) Structures on the path for dissociation of the Cys™ ring to give a pair of cyclic
fragments. Structures and energies are calculated at the DFT CAM-B3LYP-D3(BJ)/cc-
pVDZ level.

dehydrogenation to yield charged carbon clusters.!®!6 The chemical fate of PAHs subject
to UV radiation is a crucial issue in regions of the interstellar medium.®! The question is
whether product carbon clusters, which include Ci4+ and Cig™, retain the structure of the
PAH skeleton or whether they rearrange to become cyclo[n]carbons, or perhaps some other
low energy isomer.

Notably, the Cs4* and Cs¢™ rings also have a propensity for losing Cy units (see Figure 5),
as does Cso™ to a lesser extent. The loss of Cs is a characteristic feature for the breakup of

29,52°54 [t is less usual for C, 7 rings.

fullerenes induced by collisions or photon absorption,
Remembering that the photofragmentation mass spectra shown in Figureb were obtained
for isomer-selected cyclo[n]|carbon cations, this raises the intriguing possibility that photo-
excitation triggers a transformation of Cs,* and Css™ rings to fullerenes with concomitant Cs

loss(es) (and perhaps C4 and Cg losses). The process is akin to the transformation of planar

rings to fullerenes that was deduced to occur when rings were subjected to energetic collisions
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prior to analysis in an ion mobility spectrometer. >3 Exothermicities for conversion of rings
to fullerenes+ C, are predicted to be substantial. For example, using calculated energies
given in Table S1 in the SI, the Cs™ (ring)—Css " (fullerene) 4+ C; reaction is predicted to be
exothermic by 6.3eV. In contrast, the Css™ (ring)—Cs, ™ (ring) + Cy pathway is endothermic
by 6.5eV, and is probably less likely to occur.

As a test, we also exposed isomer-selected Csg™ fullerene clusters to pulses of 235 nm light
and found that they strongly resisted photofragmentation compared to the ring isomers,
consistent with the high C, binding energy (calculated to be 10.2eV for the Css™ fullerene),
and agreeing with previous observations that photodecomposition of fullerenes requires very

high light intensities compared to other isomers.

Conclusions

The current work demonstrates the power of gas-phase spectroscopy for elucidating the prop-
erties of cyclo[n]carbon clusters. The outcomes of the work can be summarised as follows.

1. Electronic spectra of untagged, isomer-selected carbon cluster cations from Cy4" to Cag™
are obtained through two-colour action spectroscopy. Tag-free spectra of the carbon cluster
cations are essential for comparisons with astronomical data and to judge the effects of at-
tached tag atoms or molecules, which are not known a priori. The possibility of detecting
C14" in the interstellar medium is considered. The origin transition of bare C14* at 612.7 nm
lies 0.1 nm from a weak diffuse interstellar band at 612.82nm. Further, spectroscopic studies
are required to explore the effect of temperature on the band’s position and shape. We
present the first electronic spectra of Cso™, Cso™, Css™, and Cge™ cyclo[n]carbon cations.
Despite Cs, ™ and Csg™ rings being far less stable than the fullerene isomers, by performing
isomer-selective spectroscopy, we show that they survive at least ~10° collisions with helium
atoms at room temperature, and can be isolated and stored for relatively long periods of

time (at least 1s) in a cryogenic ion trap.
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2. We have developed a simple Hiickel theory model to explain the linear shift of the wave-
lengths for the Cy, ™ absorption bands with cluster size. The model works well for clusters up
to Cag™, but begins to break down for larger clusters, perhaps due their increased floppiness,
which may mean that they explore distorted geometries, even at cryogenic temperatures.
3. Photofragmentation distributions are measured for isomer-selected carbon ring cations.
Isomer selection is particularly important for clusters containing more than 20 carbon atoms,
for which there are several isomers, each of which should have a characteristic photofrag-
ment distribution. Smaller rings decompose by losing C3 and C5 molecules, while larger rings
(Cos™ and larger), also break up into neutral and charged rings. The observed dissociation
channels generally correspond to production of fragment pairs that are predicted through
DFT calculations to lie lower in energy.
4. To explore the photodecomposition of larger carbon rings, we trapped isomer-selected
Cas™ rings, exposed them to radiation, and then measured the electronic spectra of Ciy*t
and Ci3" photofragments tagged with Ny molecules, confirming that these fragments are also
rings. We proposed a mechanism for the fission of cyclic Cos™ based on DFT calculations,
in which the penultimate fragmentation steps involve a bi-ring intermediate.
5. Photoexcitation of C34* and Css™ cyclo[n]carbon isomers lead to loss of neutral Cy units,
which may indicate that Cz4 " and Cs6™" cyclo[n]carbons photoisomerise into fullerenes before
dissociation. In principle, this transformation could be explored using a tandem ion mobil-
ity mass spectrometer (IMS), with photo-excitation of selected rings following the first IMS
stage and separation of photoproduct isomers in the second IMS stage, as described in ref.
33. Photoconversion of carbon rings to fullerenes may be an important process in regions of
the interstellar medium where stellar ultraviolet radiation is ubiquitous but where energetic
collisions are infrequent due to low densities and temperatures. >

There are several avenues for further work. Given that rings as large as Cgy™ have been
observed in ion mobility studies,'? it would be interesting to continue spectroscopic studies to

rings larger than Cs¢™, following the trajectory of the band system further into the infrared
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where eventually it should have a similar energy to the ring’s vibrational spacings. More
structural information on the rings could also be derived from infrared spectra, particularly
regarding the transition from cumulenic bonding in smaller cyclo[n]carbons with equal C-C
bond lengths to polyynic structures for larger clusters possessing alternating single and triple
bonds. 5212347 Future spectroscopic studies will undoubtedly also target odd cyclo[n|carbon

cations (Cani1™).
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